Summary
During the development of the low-temperature cofired ceramic (LTCC) processes needed to build the MCCS Encryption Translator (MET) network, a problem was uncovered. The laser process planned for scribing and separating was found to weaken the LTCC material by about 30%. A replacement process was needed, and precision diamond sawing was chosen. Initial process development was done on a Micro Automation 1006 wafer saw, but it became quickly apparent that a new saw was needed. A K&S 986-4 saw was ordered and upon its delivery, characterization and qualification began.
The characterization was performed in three steps. First the equipment was evaluated and characterized, and then a process was developed and characterized to saw cofired networks. Finally, the characterized process was qualified for production using the MET network.
During the equipment evaluation and characterization, several parameters were investigated. These were cut depth, feed rate, spindle speed, and saw blade thickness. Once these were understood the process was then developed. Initially 24 variables were identified for the process, and eventually 12 of these variables were found to be critical. These variables were then adjusted until a process envelope was found that produced acceptable product. Finally parameters were chosen from the middle of the process envelope for production. With the production process set, the next step was to qualify it for production. Two criteria had to be met: visual acceptability and bending strength. The parts were examined under a microscope and found to be visually acceptable. Parts were then put through a four-point bend test, and the strengths recorded were equivalent to those measured in the past. With the completion of this work and the acceptable results, this process was qualified for production use.
Discussion

Scope and Purpose
Microelectronic applications needing high strength low-temperature cofired ceramic (LTCC) networks require that the substrates be sawed to size. This was shown when it was found that the strength of an LTCC substrate can be reduced by about 30% when scribed and separated using a yttrium aluminum garnet (YAG) laser. This data is shown in Table 1 . 1 Since sawing is a process that had not been used at AlliedSignal Federal Manufacturing & Technologies (FM&T) for some time, equipment had to be located and a process developed to saw cofired networks. The initial product requiring this process was the MET. Its thick film version and the final LTCC version are shown in Figure 1 . An example of what a populated MET network looks like is shown in Figure 2 . Figure 3 which illustrates an MCM based on an LTCC network. It was decided during the initial LTCC technology development that all thin cofired networks would be scribed and separated to size with a YAG laser. Unfortunately, it was discovered that this process reduces the strength of a cofired network by 30%, as shown in Table 1 . An alternative process needed to be developed. Precision sawing using a diamond impregnated blade was investigated and found to be able to produce acceptable product with adequate strength. This strength data is also shown in Table 1 .
Initial process development was done on a Micro Automation Model 1006 precision diamond wafer saw. This work showed the potential of the process, provided samples for mechanical testing, and helped identify the major process parameters and problems. Unfortunately, several machine and process issues were encountered that made it quickly apparent that a new and more modern precision diamond saw would have to be purchased.
Activity Overview
The initial process development was done on the Micro Automation 1006 wafer saw. Based on the product produced and the challenges presented by this equipment, it was decided to purchase a new saw and bring it into production. The saw acquired was a Kulicke and Soffa Model 984-6 precision diamond saw. Upon receiving this equipment it was placed, installed, and approved for use by the Environment, Safety & Health (ES&H) department. After this approval, characterization began and was performed in three steps. First the equipment was evaluated and characterized, and then a process was developed and characterized to saw cofired networks. Finally, the characterized process was qualified for use on the MET.
As the work on the characterization progressed, it became quickly apparent that an end point needed to be agreed upon to properly define an acceptable process and product. It was decided that the parts produced must meet the visual criteria as described in the LTCC network acceptance specification and have an appropriate bend strength. This was acceptable to Sandia National Laboratories/New Mexico. It should be noted that during this whole process, Sandia National Laboratories/New Mexico was involved and kept informed of progress and problems.
While this characterization activity was in progress a literature search was performed. The more interesting articles are listed in the Reference section. 2-7 Additionally, product literature from several companies contained very useful information. 8, 9 Equipment Evaluation and Characterization
The first part of the characterization was to understand the equipment. This was done by evaluating and verifying the operation of the equipment and the process tooling. Several parameters were isolated as having particular interest. These were spindle speed, feed rate, cut depth, and saw blade thickness. These parameters were examined and will be discussed individually.
Cut Depth
Cut depth is the distance the saw blade cuts into the LTCC network being sawed. It is important to know how accurate and repeatable this depth is for process consistency. To examine this function, two sets of tests were performed. First, ten cuts 5 mils deep were made and measured on a laser profilometer. Then, five cuts that were 5, 25, and 40 mils deep were made and measured on a video measurement system. 3 The two different measurement techniques were used because the laser profilometer was good for the shallow cuts but not very good for the deeper cuts.
The data from this work are shown in Table 2 . The top part of the table shows that the ten cuts that were 5 mils deep and, measured on the laser profilometer, had a total range of 0.5 mil from the target depth. The bottom part of the table shows that the five cuts that were made at 5, 25, and 40 mils deep and measured on the video measurement system had a total range of ± 0.5 mil from the target depth. An uncertainty of 1 mil for the cut depth is acceptable for this process.
Feed Rate
The feed rate is the speed at which the substrate moves under the saw when being cut. It is important to know that this is accurate and repeatable for process consistency. To measure this function, a cut length of 6 inches and a feed rate of 0.100 inch per second were programmed into the saw, and then the time it took to traverse those 6 inches was measured. This feed rate was chosen as it was expected to be close to the feed rate needed for cofire. The elapsed time was measured using two different timers. One is a timer that is part of the equipment software; however, it starts as the blade is moved down to the proper height for cutting and stops when the cut is completed, and the blade height returns to the home position. This results in an additional 2 to 4 seconds added to the cut time. To offset this, another timer was used that is also part of the saw, but it could be started and stopped by the operator from the control panel of the saw.
In addition to measuring the feed rate, secondary variables to this function were examined to determine if there were any concerns. The feed rate of 0.100 inch per second was programmed in for block 1 and block 2. For a rectangular part, block 1 represents the cuts made in the X-axis and block 2 represents the cuts made in the Y-axis. Two different mounting media were used. These were tape and wax. To examine all these variables, 20 runs were made, including 10 runs on tape and 10 on wax. For each of these 10 runs, five of the runs were made using block 1 and five were made using block 2.
The data from this work are listed in Table 3 . It shows that the feed rate is consistent and repeatable. The spindle speed is the rate at which the spindle that holds the saw blade spins. It was initially thought that it was important to know the offset between the set point and true spindle speed for process accuracy. To determine this, a spin tach was used. It is an rpm meter that is physically connected to the spindle with a rubber coupling. The results of this work are shown in Figure 4 . As can be seen in the graph, there is an offset between the set point and the true speed. The field representative for the vendor noted that he had never seen this technique used before and that the factory sets the spindle speed based on the resistance of an electronic circuit. The results were reproducible which meant that the spindle speed was consistent. It was decided that a consistent speed was the most critical feature of this parameter. The blades used for this process are made of a resin that is impregnated with friable diamonds. The blades are placed in a metal hub that clamps the blade and exposes a specific length of blade. This metal hub is then attached to the spindle of the saw. Blades are specified for purchase by primarily defining the size of the diamonds in the blade, the size of the blade, and the thickness of the blade. It was initially thought that there might some variation in the thickness of the blades; therefore, three different types were measured.
The results of this work are shown in Table 4 . No unacceptable variation in thickness was found. Those factors that are listed as "Investigate" mean their effect was not clear at the outset of this work, and they required investigation. At the end of the evaluation both of these investigated factors, cut depth and cooling water flow rate, were found to be important and became part of the study. Those factors listed as "Part of Error" were not easily controlled and therefore were considered to be part of the error function of this work. If after controlling all the other variables the product produced was not optimal, these factors would have been re-evaluated. The three factors that are in this category are cooling water temperature and pressure and chuck vibration.
With the 24 variables listed and categorized, the next step was to choose the range over which they would be varied. The second table in Appendix A, Diamond Saw Variables and Limits, shows this with the columns marked "Bold Limits" and "Expected Process Limits." The bold limits column shows the kinds of end points that should be possible without danger to the equipment or the operator. The expected process limits column shows the region within the bold limits that was expected to produce an acceptable process. In doing this evaluation several factors were thrown out of this evaluation because they would not affect the quality of the edge of the part. These factors were all those that were listed as alignment variables and would just affect the final size of the part. These were dealt with at the end of the evaluation when the part size was critical.
The next step was to review the list of factors and the range at which they were going to be examined, and make sure that their accuracy or repeatability had been addressed. This information is listed in the third table of Appendix A, Diamond Saw Variables, Accuracy and Repeatability.
With all this information established it was time to begin running evaluations on parts. This work is shown in Appendix B, Saw Characterization Data. The 98 runs listed here represent the majority of the runs that were performed to develop this process. Across the top of this table are listed the 12 variables that were eventually determined to be critical to this process. In this list are the five factors that were initially thought to be important: feed rate, spindle speed, blade thickness, blade exposure, and diamond grit size. It includes the three factors that were listed as needing to be investigated or tracked: cut depth, cooling water flow rate, and blade wear. That leaves four factors that were not originally anticipated but during the evaluation found to be important. These are material being cut, spacer thickness, backing material, and dressing procedure. Since these were not anticipated, they will be discussed.
The backing material used for most of this work were glass plates that were approximately 0.200 inch thick and approximately 6 inches in diameter. The two faces were flat and parallel. At one point alumina plates were tried and found not to work. This was a surprise, and that is why it was added as a critical variable.
Spacer thickness refers to a small piece of Kapton that was placed between the cofired network to be sawed and the glass backing plate during the mounting process. Its intent was to set the thickness of the wax used to glue the cofired network to the glass plate. It was a surprise to find that using the spacer was better than no spacer and that is why it is a critical variable.
Dressing procedure refers to a series of cuts made in different materials that preconditions the saw blade and makes a significant impact on the cut quality and consistency. It was hoped that this would not be needed, but it really helps the process. A lot of time was spent developing this procedure and process. If one were to rank the importance of the different variables, the dressing procedure comes immediately after the top five factors initially known to be important. Another aspect of the dressing procedure noted in Appendix A is the mention of blade loading. The first parts to be cut on the saw had metal lines on them to help align the networks. It was found when the metal was being sawed through that the cut quality degraded and that a clearing cut made in the cofired material without metallization was required to bring back the cut quality. It is thought that the metal is loading or gumming up the blade, and the clearing cut removes that metal from the blade.
The last surprise was the material being cut. It is not completely understood yet, but there is a significant difference in cut quality depending on the cofired material being sawed. This was discovered when the process developed on just cofired material did not work on a fully processed MET network. This occurred several times with several different cofired materials. The materials used were cofired and processed through 10 thick film furnace runs; cofired and processed through 20 thick film furnace runs; excess material from a production MET network that had already been sawed; and finally the best match to the production process was excess material from a production MET network that had metallization on its edge. Again, it is not clear why all these materials sawed differently, but they did.
With the process developed, the next step was to characterize it. Process characterization involves the selection of the best process point and the determination of how much process parameter variation this point can withstand. This work is summarized in the fourth table in Appendix A, Diamond Saw Variable Ranges. This table shows in the first column all the factors that affect the process. The next column shows the range explored for each of these factors. The third column shows the process envelope for the MET, and the last column shows the processing point chosen for the MET networks. The table shows that the process envelope is acceptable, and the processing point is about centered in that envelope.
Process Qualification for the MET
With the process envelope found and a process point chosen, the next step was to qualify this process for the MET. This was done by meeting the two requirements agreed to by the AlliedSignal FM&T and Sandia National Laboratories/New Mexico and by meeting the requirements specified by the MET network drawings. The requirements were to meet visual criteria defined in the LTCC network acceptance specification and to demonstrate an adequate bend strength. The MET network drawing requirements that were of concern were the size and outline of the network.
To meet the MET network drawing requirements, a set of variables that had been set aside needed to be addressed. These were the alignment variables which are fiducial placement and clarity, reticle line to kerf alignment, and camera focus. Camera focus with the Kulicke & Soffa saw is easily adjusted and was quickly taken care of. In working with the fiducials it became clear that using the alignment lines that were already on the network was not going to work. The magnification of the optics was high enough that the seemingly crisp thick film lines were not crisp enough. This led to the use of the three alignment boxes on the corner of the board that are present on all cofire and alumina thick film hybrids at FM&T. Using these boxes required that the saw be programmed with an offset so that the edge of the blade would be in the center of these boxes and cut along the true edge of the board. This took some time, but was eventually completed and the networks were cut to the size and outline requirements.
To demonstrate that MET networks produced by this process would meet the visual requirements of the LTCC network acceptance specification, three scrap MET networks were sawed and submitted to inspection. Using the LTCC network acceptance specification and the standard procedures, the networks passed inspection.
To demonstrate that MET networks produced by this process would have an acceptable bend strength, several plates of cofired material were sawed into bars appropriate for a four-point bend test. The results of this bend test are listed in Table 5 along with historical data strength data. Acceptable results were achieved. The project objective was achieved. A new precision diamond saw was evaluated, characterized, and qualified for production.
During the equipment evaluation and characterization,
• Cut depth was found to have an uncertainty of 1 mil, which is acceptable for this process;
• Feed rate was found to be consistent and repeatable;
• Spindle speed was found to be slightly offset from the set point but consistent and reproducible; and
• Saw blade thickness had no unacceptable variations.
During the process development and characterization,
• Twenty-four variables were identified;
• Twelve of these variables were found to be critical to the process; and
• A process was developed, an envelope was defined, and a process point was chosen.
Finally, the process developed was qualified for production. Product acceptable to the inspection criteria was produced, and acceptable bend strength was achieved. The sawing process needs further work. There are still some inconsistencies that indicate that the process is not yet fully understood. The following are areas that should be investigated further:
• Refine and improve the blade dressing process; perhaps the use of aluminum nitride (AlN) instead of alumina will reduce the amount of edge scoring.
• Replace the water-soluble wax with either an alcohol-soluble wax or tape; the expected benefit would be less erosion during processing and more consistent glue thickness.
• Replace the grooved chuck with a porous chuck for a better and more even vacuum.
• Remove the metal alignment lines from the cofired network. 
